Antiangiogenic therapy can produce transient tumor regression in glioblastoma (GBM), but no prolongation in patient survival has been achieved. We have constructed a nanosystem targeted to tumor vasculature that incorporates three elements: (i) a tumorhoming peptide that specifically delivers its payload to the mitochondria of tumor endothelial cells and tumor cells, (ii) conjugation of this homing peptide with a proapoptotic peptide that acts on mitochondria, and (iii) multivalent presentation on iron oxide nanoparticles, which enhances the proapoptotic activity. The iron oxide component of the nanoparticles enabled imaging of GBM tumors in mice. Systemic treatment of GBM-bearing mice with the nanoparticles eradicated most tumors in one GBM mouse model and significantly delayed tumor development in another. Coinjecting the nanoparticles with a tumor-penetrating peptide further enhanced the therapeutic effect. Both models used have proven completely resistant to other therapies, suggesting clinical potential of our nanosystem.
angiogenesis | apoptosis | tumor targeting | tumor treatment T umor blood vessels have become an important therapeutic target. As a tumor grows, the blood vessels grow with it, and this growth primarily takes place through angiogenesis (1, 2) . Therefore, inhibiting angiogenesis has become a mainstream therapeutic strategy. The special features of tumor vasculature also enable another strategy, homing-based (synaphic) delivery of drugs (3) . Tumor blood vessels express various cell surface and extracellular matrix proteins that normal vessels do not express or do so at much lower levels than tumor vessels (1, 3) . These specific vascular markers are readily available to bind circulating ligands, such as peptides and antibodies (4) (5) (6) . Drugs attached to such ligands become concentrated in tumor tissue, thereby improving efficacy and reducing the exposure of normal tissues (3) .
Vascular markers can be explored in an unbiased manner by in vivo screening of phage libraries that display random peptide sequences (7) . The CGKRK (Cys-Gly-Lys-Arg-Lys) peptide we used in this study was identified by screening for peptides homing to epidermal tumors in mice (8) . Intravenous injected CGKRK recognizes the vessels in most tumors but not those in normal tissues (8) .
The α-helical amphipathic peptide D [KLAKLAK] 2 was originally designed as a synthetic antibacterial peptide that disrupts the bacterial cell membrane but is less toxic to eukaryotic cells (9) . However, when internalized into eukaryotic cells, D [KLAKLAK] 2 disrupts the mitochondrial membrane, which is similar to bacteria membranes, and initiates apoptotic cell death (10) . Conjugating D [KLAKLAK] 2 with homing peptides has produced compounds that specifically accumulate at the homing target, causing cell death (11) (12) (13) (14) (15) 2 , however, is a highly toxic compound, even when specifically targeted to tumors (11, 13) . Administering toxic drugs in a nanoparticle formulation can reduce toxicity. Examples include paclitaxel-albumin nanoparticles [Abraxane (16) ] and doxorubicin liposomes [Doxil (17) ], both of which are in clinical use. Other advantages of nanoparticles include the fact that compounds coupled onto their surface are presented in a multivalent fashion, which increases the binding efficiency at the target. Further, multiple functions can be built into a nanoparticle.
Here we assembled a multifunctional theranostic nanoparticle in which the CGKRK peptide provides the targeting function that takes the nanoparticles to tumor vascular cells and into their mitochondria. The nanoparticle uses the mitochondria-targeted D [KLAKLAK] 2 peptide as the drug and iron oxide as a diagnostic component for MRI. Finally, we combined the nanoparticles with the tumor-penetrating peptide iRGD (18, 19) , which enhances the penetration of the nanoparticles into the extravascular tumor tissue. The activity of this nanosystem was tested in one of the most difficult to treat tumors, glioblastoma (GBM). Despite a multimodality treatment approach, which includes surgery, irradiation, and chemotherapy, the median survival in this cancer is only 12 mo (20) . Thus, more effective treatments are desperately needed.
Results

CGKRK Peptide Homes to Brain Tumors and Colocalizes with Mito-
chondria in Cells. We tested a number of previously identified tumor-homing peptides for homing to GBM tumors in mice after an i.v. injection (21, 22) . Rhodamine (Rd)-labeled CGKRK peptide (8) strongly accumulated in GBM tumors but not in normal brain or other normal tissues, with the exception of the kidneys, where peptides are excreted (Fig. 1A and Fig. S1 ).
CGKRK is internalized into the target cells and can take a payload with it (8) . FAM-CGKRK colocalized with a mitochondrial marker in human umbilical vein endothelial cells (HUVEC) and U87, human GBM cells (Fig. 1B) . CGKRK bound to mitochondria isolated from mouse liver (Fig. 1C) . The binding was inhibited by unlabeled CGKRK but not a control peptide with a similar structure (CREKA), demonstrating the specificity of the mitochondria binding. CGKRK-displaying phage showed 80-fold higher binding to the isolated mitochondria than a control phage, further supporting the notion that mitochondria are the primary subcellular target of CGKRK. Conflict of interest statement: E.R., V.R.K., and K.N.S. are shareholders in CendR Therapeutics Inc., which has rights to some of the technology described in this paper.
This article is a PNAS Direct Submission. elongated shape and which have been shown to have more effective targeting properties than spherical nanoparticles (23, 24) . The two peptides were synthesized as a chimeric peptide, which was covalently linked to the NWs through a 5K-polyethylene glycol (PEG) linker ( Fig. 2A) .
Intravenous injected NWs coated with the chimeric CGKRK D [KLAKLAK] 2 peptide accumulated in tumor vessels in GBM models (mouse 005 transplant tumors and human xenografts from GBM spheres and U87 cells) ( (Fig. S3B) . The exclusively vascular localization of the NWs is likely due to the inability of the nanoparticles to enter into the tumor tissue, a limitation the free peptide does not have (Fig. 1A) . No fluorescence from the various NW formulations was observed in normal tissues of the tumor-bearing mice, with the exception of the liver and the spleen, which take up all nanoparticles nonselectively (Fig. S2 ). When the fluorophore was on the D [KLA-KLAK] 2 peptide, the kidneys were also positive, presumably because that is where this nondegradable peptide, having been separated from the NWs, is excreted. MRI of 005 tumors after i.v. injection of CGKRK D [KLAKLAK] 2 -NWs showed hypointense signals throughout the tumor due to the presence of the NWs (Fig. 2C ). This result confirms the tumor localization of the NWs and suggests a possible utility of this reagent in GBM imaging. (Fig. 3A) . Thus, CGKRK can deliver inorganic nanoparticles to mitochondria.
The CGKRK D [KLAKLAK] 2 -NWs were cytotoxic to cultured tumor cells, whereas NWs coated with either peptide alone were inactive in this regard. The nanoparticle-coupled peptide was hundreds of times more active than the free peptide on a molar basis (Fig. 3B) (Fig. 3C and Fig. S4 A and B) . CREKA-NWs and CGKRKNWs had no significant effect. However, when the nanoparticletreated cells were washed after 30 min of incubation, only CGKRK D [KLAKLAK] 2 -NWs induced significant apoptosis, emphasizing the importance of the targeting peptide ( Fig. 3D and  Fig. S4C ). CGKRK D [KLAKLAK] 2 -NWs also induced caspase-3 cleavage (Fig. 3 E and F) , further supporting apoptosis as the cell death mechanism. . Error bars, mean ± SD; n.s., **P < 0.01; ***P < 0.001. CGKRK D [KLAKLAK] 2 -NWs significantly reduced the ability of HUVEC to form tube-like structures in a Matrigel angiogenesis assay, whereas CGKRK-NWs were inactive (Fig. S5A) . To assess in vivo effects, mice bearing bFGF-impregnated Matrigel plugs were i.v. injected with CGKRK D [KLAKLAK] 2 -NWs or PBS every other day for 2 wk. After 14 d the mice were perfused with cy5-labeled isolectin, and the plugs were excised. Imaging of the plugs by confocal microscopy showed a significant decrease in blood vessels in the NW-treated mice (Fig. S5B) . 2 , we hypothesized that the NW-based approach might be more effective and/or less toxic than the monovalent homing peptide-[KLAKLAK] 2 conjugates used previously (10, 11). We tested this possibility in mouse GBM models that closely resemble human GBMs in their aggressiveness and in the diffuse spreading of the tumor cells into the normal brain tissue (21) . Like most human GBMs, the tumors in these mouse models are highly angiogenic, and the vasculature is considered a promising therapeutic target (25) . Thus, our nanoparticles, which target tumor blood vessels, seemed an appropriate candidate to test in GBM.
In one model, a single lentiviral vector expressing H-RasV12 oncogene and an shRNA targeting p53 is injected into the hippocampus of mice (22) . The mice invariably develop GBMs that have a highly predictable course of tumorigenesis and are lethal to the mice within 2-3 mo after injection. These mice were treated with systemic injections every other day over 3 wk, starting 3 wk after tumor induction. Separate analysis by microscopy showed that the tumors were 0.8 to1.0 mm 3 at this stage. In the experimental glioma treatment literature, tumors of this size are considered well (Fig. 4A) . We monitored the tumor mice by luciferase imaging (the lentiviral vector contains the luciferase reporter). The imaging was not strong enough to detect the 1-mm 3 tumors at 6 wk when the treatment was stopped, but positive signals were seen in the control-treated mice at ≈7.5 wk after injection of the virus. No tumors were detected by imaging in the mice treated with CGKRK D [KLAKLAK] 2 -NWs (Fig. 4B) . Histological analysis showed no detectable tumor tissue in mice treated with CGKRK D [KLAKLAK] 2 -NWs (Fig. 4C) . CGKRK D [KLAKLAK] 2 -NW-treated tumors, when present, were small and contained abundant NWs in the blood vessels (Fig. 4D) , whereas the mice treated with the nontargeted D [KLAKLAK] 2 -NW had large tumors with no NWs.
Toxicology analyses indicated some liver toxicity (nanoparticles nonspecifically accumulate in the liver) judging from a moderate elevation in the serum level of the liver enzyme Lalanine-2-oxoglutarate aminotransferase (Fig. S6A) . The values normalized within 2 wk after the treatment was discontinued. The particles were not immunogenic, as determined by ELISA (Fig. S6B ). An IL-6 assay indicated low-level macrophage activation in CGKRK D [KLAKLAK] 2 -NWs-treated mice (Fig. S6C) . No evidence of kidney damage was detected in H&E-stained sections (Fig. S6D) . These modest toxicities are in contrast with the severe toxicity of the monovalent D [KLAKLAK] 2 conjugates observed previously (e.g., refs. 11 and 13).
We also tested the NW treatment in a transplantable model that uses a GBM cell line (005) established from a lentivirally induced tumor (21) . Mice transplanted with 005 tumor cells usually die 4-6 wk after inoculation. The tumors display invasive properties similar to the lentiviral model and human GBM. CGKRK D [KLAKLAK] 2 -NW treatment increased median survival from 32 to 52 d (Fig. 5A) . Continuous treatment did not provide further survival benefit (Fig. 5A) .
Confocal microscopy at the end of treatment showed that vascular structures in the 005 tumors were often filled with CGKRK D (KLAKLAK) 2 -NWs (Fig. 5B) , and lectin perfusion revealed an almost complete absence of patent blood vessels, indicating destruction of the vessels by the NWs (Fig. 5C) . Clusters of TUNEL staining-positive cells in the CGKRK D (KLAKLAK) 2 -NW-treated but not in control-treated tumors also indicated vascular destruction (Fig. S7) .
We also tested the CGKRK D (KLAKLAK) 2 -NW treatment in a well-established human xenograft model, tumors induced with orthotopic injection of U87 human GBM cells. The treatment also prolonged survival in this model (Fig. S8) .
Combining CGKRK D (KLAKLAK) 2 -NW with iRGD Enhances Nanoparticle
Penetration and Therapeutic Efficacy. A tumor-penetrating peptide, iRGD (sequence: CRGDKGPDC), enhances tumor penetration of iRGD-bound and coadministered compounds (18, 19) . Combining the CGKRK D [KLAKLAK] 2 -NWs with iRGD in the 005 tumor model, in which the NW treatment was only partially successful, substantially prolonged survival (Fig. 6A) . Confocal microscopy analysis showed that the NWs coinjected with iRGD had spread into the extravascular tumor tissue, whereas NWs coinjected with CRGDC mainly accumulated in tumor vessels (Fig. 6B ). This conclusion was confirmed by quantifying the nanoparticle signal outside the blood vessels (Table S1 ).
Discussion
Our nanoparticle system allows an impressive degree of control in GBM mouse models that closely resemble the pathobiology of human GBMs: we were able to cure most of the GBM mice in one model and greatly prolong the lifespan in another.
One key to the efficacy of the system is the CGKRK, tumorhoming peptide, which provides the targeting function to the system. It specifically delivers its payload not only to the tumor vasculature but also to a specific subcellular location, the mitochondria. We made use of this unique ability of CGKRK to reach the mitochondria by using the amphiphilic proapoptotic peptide D [KLAKLAK] 2 as the payload. D [KLAKLAK] 2 has been shown to act on mitochondria, the target of CGKRK (10), and several reports have described the antitumor activities of D [KLAKLAK] 2 (and some other peptides with similar activities), when selectively delivered to a target tissue (11) (12) (13) (14) (15) (27) (28) (29) . The main limitation of these treatments has been that the D [KLA-KLAK] 2 peptide is highly toxic at the doses required for tumor treatment even with specific targeting. The presumed reason is kidney toxicity of the nondegradable D-conformer (13) . The vastly enhanced activity of the multimeric CGKRK D [KLA- In contrast, NWs displaying the proapoptotic peptide without CGKRK showed no tumor homing and no effect on tumor growth. Thus, efficient targeting is likely the main contributor to the selective antitumor activity.
GBMs are generally highly vascularized tumors, and VEGF is produced at high levels by the tumor cells (25, 30) . Therefore, antiangiogenic therapy has been considered a promising strategy for these tumors (30) . However, antiangiogenic agents such as the VEGF inhibitor bevacizumab have demonstrated only a marginal efficacy in clinical GBM (31) , and the anti-VEGF receptor inhibitor AG28262 has been found to give no significant survival benefit in the H-RasV12-shp53 lentivirus-induced GBM model we used in this study (22) . Transdifferentiation of tumor cells into endothelial cells has been observed in GBMs (22, 32, 33) , and antiangiogenic therapy has been shown to increase the rate of the transdifferentation. Because the transdifferentiation cells do not need VEGF, the transdifferentiation is the likely explanation for the resistance of GBM to anti-VEGF therapies (22) . Our therapeutic approach is independent of the VEGF-VEGFR interaction, and unlike the existing antiangiogenic therapies, CGKRK D [KLAKLAK] 2 -NWs showed significant efficacy in both lentiviral-induced and 005 transplanted models. These treatment results, and the robust in vitro cytotoxicity of CGKRK D [KLAKLAK] 2 -NWs to GBM-derived endothelial cells (T3 cells) we observed, suggest that the NWs target both the ordinary and transdifferentiated vessels.
Despite the obvious efficacy of CGKRK D [KLAKLAK] 2 -NWs, the 005 GBM mice eventually succumbed to the disease. A surprising finding was that these treated tumors continued to grow even though they were essentially devoid of functional blood vessels. The formation of fluid-conducting channels lined by tumor cells, vasculogenic mimicry, could produce vessels that are not recognized by the lectin we used to detect patent blood vessels, possibly explaining this paradox (34, 35) .
Combining CGKRK D [KLAKLAK] 2 -NWs with the tumor-penetrating peptide iRGD further increased the survival of the 005 GBM mice. This peptide promotes the penetration of coadministered drugs and nanoparticles into extravascular tumor tissue (18), which was also observed with the current CGKRK D [KLAKLAK] 2 -NWs system. The likely reason for the improved survival of the mice treated with the combination is that iRGD allows the NWs to reach the tumor cells, not just the tumor vessels.
In summary, we describe a nanosystem that targets GBM tumors that provides both effective therapeutic activity and a diagnostic function and is augmented by the use of iRGD. The efficacy and low toxicity we observed in these preclinical studies encourages further development of the system toward clinical application in GBM, where new therapies are desperately needed, and potentially in other cancers as well.
Methods
Peptide Synthesis. Peptides were synthesized by solid phase methods (23) .
Flow Cytometry. Cells were harvested and stained using the annexin V-phycoerythrin apoptosis detection kit (BD Pharmingen) and analyzed on a BD LSR II flow cytometer (Becton Dickinson).
In Vivo Peptide Homing In vivo peptide homing was tested as previously described (23) .
In Vivo NW Injections. Mice bearing orthotopic GBM tumors were injected into the tail vein with NWs (5 mg of iron per kg body weight). In homing experiments, the mice were killed 5-6 h after the injection by cardiac perfusion with PBS under anesthesia, and organs were dissected and analyzed for NWs. In tumor treatment experiments, tumor mice were i.v. injected with NWs in 150 μL PBS, or PBS as a control every other day for 3 wk. Mice with 005 tumors were also i.v. injected with CGKRK D [KLAKLAK] 2 -NW (5 mg iron/ kg) in combination with 4 mmol/kg of either the tumor-penetrating peptide iRGD or CRGDC as a control. At the end of treatment two mice per group were killed, and the rest of the mice were monitored until the animal facility staff determined that a mouse's symptoms required killing.
Histology and Immunohistology. Tissue sections were processed as previously described (23) .
The following methods are described in detail in SI Methods: cell lines and tumors; magnetic resonance imaging; preparation of NWs; biophotonic tumor imaging; isolation of mitochondria and peptide/phage binding; cell proliferation assay and imaging; and immunoblot analysis of NWbound proteins.
Statistical Analysis. Data were analyzed by two-tailed Student's unpaired t test. P values of <0.05 were considered statistically significant.
